Abstract-Multiwalled carbon nanotubes (CNTs) have been used to improve the lifetime of the electrical contact of microelectromechanical system (MEMS) switches. The surface, usually gold-coated, demonstrates a complex structure. Due to the lateral gaps between the nanotubes, the sputtered gold penetrates into the top part of the CNT to a limited thickness and is supported by the rest of the CNT. The surface also presents a much higher roughness than metal surfaces. Based on the nanoindentation test, a finite-element smooth-contact model has been developed, and it was shown that the surface was best modeled as a bilayered structure. In this paper, roughness is considered in contact modeling. It is shown that roughness plays an important role in the contact behavior, and that the material properties, such as Young's modulus and hardness estimated from the nanoindentation tests, need to be reevaluated. It is also shown with finite element method (FEM) that the force-displacement behavior of the composite depends on the location of the indentation test.
I. INTRODUCTION

I
T HAS been shown that a composite of gold-coated multiwalled carbon nanotubes (Au/MWCNTs) used as a contact surface can provide a stable contact resistance, as well as prolong the lifetime of low current electrical contacts compared to Au-Au contact [1] - [3] . The reason is assumed to be the high elasticity of the MWCNT [4] , which provides a compliant support to the conductive Au layer and increases the contact area, compared to Au-Au contact [3] , [5] . Different structures of nanotubes have been used for contact surfaces. Yaglioglu et al. [6] have used high-quality tangled singlewalled CNT films, whereas Stilson et al. [7] encapsulated the CNT within Au structure. The vertically aligned MWCNTs are used in this paper, and the gold layer is coated on the top of the MWCNT forest to form the gold-coated MWCNT composite. To investigate the mechanical behavior of the Au/MWCNT composite, nanoindentation tests were performed [5] and the material properties were calculated using the Oliver-Pharr model [8] , which considers the composite as a single material and no roughness included on the surface. The results show a significant degree of variability in the force-displacement (F-D) curves over the surface area, as a result of the nonuniformity of the Au/MWCNT composite. The lateral gaps between CNTs cause the gold to penetrate into the MWCNTs. SEM images have shown that the penetration depth of Au below the topmost layer of CNTs can vary between 1 and 10 μm [2] , [9] , depending on the thickness of sputtering and the structure of CNTs. It is also noted that the penetration of gold is to a limited depth, and the mixed Au-CNT upper surface is supported by the rest of pure CNT. It was shown in previous finite-element (FE) modeling, based on a smooth contact between the Au/MWCNT surface and a spherical surface (radius of 200 μm) that the composite was best modeled as a bilayered structure [10] , [11] . The top layer is modeled as elastic-plastic gold and CNT mixed material, while the bottom layer is pure elastic CNT. Although the nanotubes are vertically aligned along the length, the heights to which the nanotubes grow are not uniform, and the top surface of the MWCNT forest is comparatively rough. The roughness of the Au/MWCNT composite is R a ≈ 0.1-0.3 μm; this is much larger than the gold film sputtered on a silicon substrate, where R a ≈ 30 nm [2] .
The contact force in microelectromechanical system (MEMS) switches is usually from tens of micronewtons up to 10 mN [12] , and only the highest asperities make actual contact; therefore, the roughness plays an important role in contact mechanics and electrical contact resistance. For the composite with 500-nm Au coated on the 50-μm CNT, the indentation depth with a 0.25-mN load is about 700 nm, which is comparable to the surface roughness. The surface roughness, in this case, can be expected to make a significant contribution to the indentation response.
A number of recent studies have investigated the FE modeling of rough surfaces, linked to nanoindentation tests. In [13] , the rough surface was simulated using a 2-D sinusoid function. In [14] , simulated rough surfaces, with R a values 2-42 nm, have been developed using an established fast Fourier transform method. In a previous paper [15] , atomic force microscopy (AFM) data have been used to 2156-3950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. develop a 3-D FE modeling of a rough surface, for the application of MEMS switches with metallic (ohmic) contact, the surface roughness was of the order of R a = 10-20 nm. This paper develops the FE model further, as it is applied to a bilayered complex structure, and the surface roughness is more than 10 times larger than in [15] ; this causes a major challenge in rough surface contact modeling.
An initial FE contact model of the rough surface of the bilayered Au/MWCNT composite has been developed in a previous study [16] , where real surface data measured from a laser profiler were used. The paper showed that the minimum substrate size should be 0.2 × 0.2 mm 2 to obtain accurate results for the model with a 200-μm spherical contact. It was also shown that the deformation in rough contact modeling was larger than that of the smooth-contact modeling at a given force. When only few asperities are in contact, it results in higher contact pressure and smaller contact area than the smooth model.
In this paper, the rough contact model is developed with improved surface data, following the same modeling methodology described in [16] . The geometry of the interfacial surface of the bilayered structure is investigated, as well as the impact of the data spacing and the indentation position. The impact of roughness on the contact mechanics is investigated, and the material properties adjusted from the smooth model. In addition, the contact area is evaluated, and from this, using the standard method for evaluation contact resistance, we will be able to compare the predicted contact resistance to measured values in [9] .
II. SAMPLE FABRICATION AND CHARACTERIZATION
A. Sample Fabrication
The fabrication of the Au/MWCNT composite is reported in [5] , and shown in Fig. 1 . A 1.5-nm layer of Al 2 O 3 and a 10-nm catalyst layer of Fe are initially sputtered on a silicon wafer. Vertical aligned MWCNTs are grown using thermal chemical vapor deposition, and ethylene is used as carbon source gas. The growth temperature is 875°C, and the growth time is used to control the height of MWCNTs. The last step is sputtering a gold layer onto the nanotubes forest. In this paper, a composite with 500-nm Au sputtered on 50-μm CNT is investigated, as it shows good electrical performance in switching tests [3] , [9] .
The SEM images of MWCNTs in Fig. 1 show that the MWCNTs are vertically aligned, and apparently uniform. Fig. 2 shows the TEM images of the composite, used to investigate the penetration of Au into the CNT. It is shown that the penetration depth varies from sample to sample, and is 2 and 6 μm for the two samples presented.
B. Surface Characterization
The surface of the Au/MWCNT composite was measured using TaiCaan confocal laser profiler XYRIS 4000CL in the previous study [16] . To gain more detailed information about the surface, an AFM Park XE7 has been used. The scan range of Park XE7 is 50 × 50 μm 2 in xy-direction, and 12 μm in z-direction. A series of scans has been performed over a 40 × 40-μm 2 scan area at different positions, and they present similar topography of the surface, with the peak-valley values about R pv ∼ 1.9-2.3 μm, and roughness R a ∼ 0.18-0.19 μm, where R a is the arithmetic average of absolute values from the mean line. Chen et al. [17] have also used the AFM to measure the surface roughness of vertically aligned MWCNTs. The roughness value R a , measured over a scan area of 50 × 50 μm 2 , is 0.09-0.27 μm [17] .
Further examinations were then performed with a TaiCaan XYRIS 4000WL white light (WL) sensor. The resolution of the WL sensor is 10 nm. Fig. 3(a) shows a 3-D view and a cross-sectional view of a scanned image over a scan area of 40 × 40 μm 2 , with 201 × 201 data points. The surface shows similar features as the AFM images, with the roughness of the surface R a ∼ 0.22 μm. It was also shown that the size of the asperities on the surface is normally 2-5 μm, as shown in Fig. 3(b) . The TaiCaan system allows for much larger area to be characterized and measured, when compared to the AFM, allowing the full surface characteristics to be evaluated. A scan over a larger scan area of 1 × 1 mm 2 with 501 × 501 data points is plotted in Fig. 3(c) . Compared to the cross-sectional data in Fig. 3(b) , the surface presents a much 
C. Nanoindentation Tests
Nanoindentation has been used to investigate the mechanical behavior of the Au/MWCNT composite. A Nanotest Vantage system from Micro Materials was used. The indentation was with a 200-μm-radius spherical diamond tip because the Berkovich tip would pierce into the surface. Each sample was subjected to four loads, 0.25, 0.5, 0.75, and 1 mN, with each load repeated ten times, at a new location on the surface. Unfortunately, the sample 500-nm Au/50-μm CNT failed at 0.75 mN and above, and only the results with 0.25 mN are used in this paper. The loading and unloading rate was 0.01 mN/s, with 30-s dwell at the maximum load, which can help to minimize the effect of the creep, as the CNT is known for its viscoelastic behavior [5] .
The hardness and the elastic modulus were calculated automatically by the system after the creep, and using the Oliver-Pharr model [8] .
The hardness was calculated with
where H is the hardness and P max is the maximum load. A is the projected contact area and can be expressed as a function of contact depth h c , as A(h c ). h c , also called the plastic depth, can be calculated by (2), where S is the slope of the curve during the initial stage of unloading, also referred to as contact stiffness, and ε is a constant depending on the geometry of the indenter, and ε = 0.75 for spherical indenter [8] . In this paper, A is calculated with area function as described in [18] , where no roughness is included. The effective elastic modulus E r and the elastic modulus of the composite E can be then calculated by
where β is the correction factor, E and ν are Young's modulus and Poisson's ratio of the specimen, respectively, and E i and ν i are the values of the indenter. Fig. 4 shows repeated force-depth curves at different locations on the same surface, for 50-μm CNT coated with a nominal 500-nm Au, with an applied load of 0.25 mN. During indentation, the indenter occasionally encountered a void or pocket in the CNT forest, where the CNT did not grow, and the indenter data showed different curves from others, and were considered as anomalies, and they were removed in the calculation [5] . The data, with anomaly curves removed, show the depth of indentation to be variable from 400 to 1000 nm. The value of S appears to be repeatable. The properties are calculated based on the averaged curve (thick line in Fig. 4) , assuming a single continuum material. The evaluated elastic modulus at 0.25 mN is 0.0219 GPa, and the hardness is 0.2815 MPa [5] . The evaluated hardness and the elastic modulus from the individual tests are plotted in Fig. 5 , which show a large range of variation, with the standard deviation of 0.0156 GPa for the elastic modulus, and 0.25 MPa for the hardness.
III. FINITE ELEMENT MODELING
A. Finite Element Contact Model
An FE contact model is developed using ANSYS 14.5 to investigate the mechanical behavior of Au/MWCNT and to compare the predicted F-D curves to the nanoindentation test data (see Fig. 4 ). The model consists of a 200-μm-radius diamond hemisphere, making contact with a gold-coated MWCNT composite on a silicon substrate, as shown in Fig. 6 . The elements are the same as in the previous studies [10] , [11] . The top surface of the Au/MWCNT composite is modeled as a contact surface, and is meshed with the 3-D surface-to-surface contact element CONTA174, and the spherical surface of the diamond ball is modeled as a target surface, and meshed with the target element TARGE170. The substrate and the ball are modeled using 3-D tetrahedral solid element SOLID187. The augmented Lagrange method is used to seek the contact, and large deformation is activated in the calculation.
The base surface of the substrate is fixed. For all the nodes of the top surface of the hemispherical ball, the degree of freedom UZ is coupled, and no displacement in the x-and yplanes is allowed. For a smooth-contact model, a uniform pressure is applied vertically on the top surface of the hemisphere, whereas the displacement load is applied for a rough contact model, as it is easier to converge with displacement load [19] . A loading-unloading cycle is applied for both the loading methods, with ten steps for loading and ten steps for unloading. For the rough contact model, the maximum displacement load is set as 800 nm, and the minimum is 300 nm, and these values are chosen based on the average curve of the experimental results (Fig. 4) .
Contact modeling with a rough surface is a nonlinear problem, requiring a high computation overhead, and to reduce the processing time, a small data size is preferred. In a previous study [16] , the size of the substrate was reduced, to reduce the data points in the modeling. The three types of models were proposed, depending on the geometry of the substrate, namely, whole-sized model, quarter-sized model, and a small rough area surrounded by a large smooth substrate. For a rough contact model of Au/MWCNT composite, due to the random location of the contacting asperities and the very soft material properties of Au/MWCNT composite, the whole-sized model is the best. It was also shown in [16] that the size of the substrate should be at least 0.2 mm to remove the influence of the deformation of the vertical surfaces, labelled as S V in Fig. 6 .
B. Bilayered Structure Assumption for Au/MWCNT Composite
A smooth-contact model was developed, and it has been shown that the surface was best modeled as a bilayered structure [10] , [11] , as shown in Fig. 7 . The penetration of the Au into the MWCNT, i.e., the top layer, is modeled as a mixed material, labeled as AuCNT, and the bottom layer is modeled as pure CNT. For the composite 500-nm Au/50-μm CNTs, the thickness of the top layer, according to the SEM images, is assumed to be x = 6 ± 1.5 μm, and the thickness of bottom layer is changed correspondingly with the total thickness of the composite kept constant as 50 μm.
The material properties of the bilayered structure were based on nanoindentation tests in [5] , and taking the results of [5] , and can provide the initial estimation for the CNT properties. The top layer is modeled as a metallic-dominated elastic-plastic material, and thus, we assume the yield strength of H /2.8 as defined by Tabor [20] , where H is the hardness used in the modeling. The bottom layer was modeled as pure elastic material, matching the high elasticity of MWCNTs [4] . For the composite 500-nm Au/50-μm CNTs, it has been shown that the setting of material properties C7-T1.4 matched the experimental results [10] , where C7 implies that the reference material properties of the bottom layer (elastic modulus E) are multiplied by 7, and T1.4 means the reference material properties of the top layer (E and H ) are multiplied by 1.4. The material properties used in the modeling are listed in Table I . It should be noted here that the measured properties are defined using a smooth surface model, while the real experiments are on rough surfaces.
C. Rough Surface Modeling 1) Outermost Surface Topography:
Real surface data measured using the TaiCaan WL sensor are used in the modeling. The data are imported to ANSYS as key points, which are then joined to generate surfaces using a nonplanar area code (Coons patches). A meshing of a rough contact model is shown in Fig. 6 , and the meshing at the center of the top surface of the substrate, which is the predicted contact area when the indenter ball is located above the center of the surface, is refined to model the contact accurately. The mesh refining area is located correspondingly to the position of the indenter ball.
2) Interfacial Surface Topography: It has been shown (see Fig. 2 ) that the gold penetrates into MWCNTs, but the topography of the interface between the top AuCNT layer and the under MWCNT layer is difficult to measure. Three approaches to model the interfacial surface geometry have been summarized in [23] for different applications, as shown in Fig. 8 , and the interfacial surface is assumed to have the following: 1) the same roughness as the outermost surface; 2) a flat surface; 3) different roughness and topography. In a previous study [16] , the interface was modeled as a flat surface. However, for the surfaces of the Au/MWCNT composite, the peak-to-valley value can be 3-6 μm, which is the same scale as the default thickness of the top layer (6 μm). Assuming the interface as a flat surface, the thickness of the top layer is not uniform, and varied at different asperities [see Fig. 8(b) ]. In addition, the depth of nanoindentation is about 700 nm, and the thickness of the top layer has considerable effect on the F-D results. In this paper, two assumptions for the interfacial surface are modeled, and the results are compared. 1) Assume that the interfacial surface has the same roughness as the outermost surface, noted as Parallel in this paper. 2) Assume the interfacial surface as an ideal flat surface, noted as Flat in this paper.
3) Other Parameters in the Modeling:
Real surface data can provide the most relevant description to the surface geometry, but it is computationally expensive. As a consequence, a small number of data points are preferred. To investigate the influence of the data size, the data points in the modeling are varied from 68 × 68, 41 × 41, and 34 × 34 to 21 × 21, corresponding to the grid spacing from 3, 5, and 6 μm to 10 μm for an area about 0.2 × 0.2 mm 2 .
It is shown by the experiments and the numerical modeling that the surface roughness has a significant influence on the F-D data when the indentation depth is comparable to the height of the surface asperities [13] . For the composite 500-nm Au/50-μm CNT, the indentation depth at 0.25 mN is ∼700 nm, which is comparable to the height of the asperities [see Fig. 3(b) ]. The high roughness will cause a significant variation in the F-D curves of the nanoindentation tests, depending on where the indentation is located [24] . Fig. 3(b) and (d) shows that the surface presents a multiscale wavelength and roughness, and larger view shows a larger wavelength than the smaller view.
To accommodate the variations of the surface in the FEM model, we select two nominal positions on the larger data set shown in Fig. 3(d) , corresponding to a peak (P) and a valley (V). For each position on the large surface P and V, we then adjust the point of contact to three local positions defined as 1, 2, and 3. Thus, the peak of the surface shown in Fig. 3(b) will have three local variations on the actual point of contact, creating three displacement curves, for P1, P2, and P3.
To reduce the computational time, we model the force deflection of the surface to a fixed deflection of 800 nm, and then, compare the resulting curves and maximum force with a range of parameters. In addition, all initial results use the same adjustments to the hardness and elastic modulus as in the previous study on smooth surfaces, C7-T1.4 [11] .
IV. RESULTS AND DISCUSSION
A. Influence of Interfacial Surface Geometry
The simulations in Sections IV-A and IV-B are performed using a set of data from a peak zone [see Fig. 3(d) ], and the contact is made at the center of the surface. The simulation results with the grid spacing of 10 μm are presented in Fig. 9 . The interfacial surface is modeled as a flat surface or parallel to the top surface. For the Flat model, due to the roughness of the outermost surface, the thickness of the top layer is not uniform, and varied in the range of 1-5.251 μm. A volume of 1 μm thick is added beneath the surface of the lowest key point to generate the volume of the top layer, as shown in Fig. 8 . For the Parallel model, the thickness of the top layer is set as 2, 4.66, and 6 μm. The thickness of 4.66 μm is chosen, as this is the thickness of top layer at the center of the surface in the Flat model.
As expected, because the top layer is much harder than the bottom layer, with the top layer becoming thicker in the Parallel model, the simulated F-D curve becomes stiffer. The Parallel model with the top layer 4.66 μm thick predicts almost identical results as the Flat model. The reason is that the contact is localized in an area of 20 × 20 μm 2 (not shown in this paper) at the center of the surface, and the thickness of By comparing the Flat model to the Parallel model, it is shown that the thickness of the top layer at the position of contacting asperities is important for the contact behavior. Given the thickness of the top layer of a Parallel model equaling the height of the contacting asperities of a Flat model, the two models predict similar F-D curves.
The advantage of the Parallel model is that the thickness of the top layer is uniform and controllable. However, the gird spacing of 10 μm is not fine enough to predict the contact behavior of the composite correctly (as shown in Section IV-B), and a model with more data points fails to provide a computational solution, thus only the Flat model is used in Sections IV-B-IV-D.
B. Influence of the Grid Spacing
This section investigates the influence of the grid spacing in the modeling, and all the simulations are done assuming a flat interface. Fig. 10 shows the F-D curves with the grid spacing from 3 to 10 μm. Please note that the model Peak_10 μm is the same as the Rough_Flat model in Fig. 9 . The size of asperities, as shown in Fig. 3(b) , is about 2-5 μm, and it is best to have the grid spacing smaller than 2 μm to capture all the asperities. However, the model with 2 μm failed to compute a solution, and thus, 3 μm is the finest spacing used in the modeling. As the gird spacing becomes smaller, the surface will visually appear rougher and the deformation is expected to be higher at the same force [25] , as shown in Fig. 10 .
The force-contact area (F-Ac) results are shown in Fig. 11 . The contact area increases linearly at the loading process; this implies that the contact pressure reaches the plastic yield value of the material rapidly at the beginning of loading process. The contact area of the rough model at 0.25 mN can be deduced from the F-Ac curves, and the values are plotted in Fig. 12(a) . The rough contact model predicts a smaller contact area for a given force than the smooth model, and the contact area decreases with the grid spacing becomes smaller. The contact stiffness is also calculated from the F-D curves in Fig. 10 and plotted in Fig. 12(b) . It is shown that the rough contact model exhibits a smaller contact stiffness than the smooth model.
It is noted that the contact area and the stiffness are used to calculate the material properties (H , E) [see (1)- (3)], and because the Oliver-Pharr model assumes a smooth surface for the calculation of H and E, their values should be adjusted for a rough contact problem. Fig. 13 shows the distribution of the contact pressure for the rough contact model with grid spacing of 5 μm (Peak_5 μm in Fig. 10) , and the indenter ball is located at the center of the surface. It is shown that the default contact position, i.e., the center of the surface is between two peak asperities. To investigate the influence of the indentation position, another two simulations were launched with the same surface data, but the indenter ball is located at different positions. As suggested in [13] , a valley position and a peak position are chosen, which is the valley position P2, 5 μm away in the y-direction from the center, and the peak position P3, 10 μm away in the x-direction (see Fig. 13 ).
C. Influence of Indentation Positions
Fig. 14 compares the F-D results at three positions. The simulation at the valley position (P2) predicts the highest force level, whereas the one at the peak position (P3) predicts the smallest force level, at 800-nm displacement load, and this matches the results in [13] and [24] . It was suggested in [13] that an indentation test at a position between the valley and the peak was able to provide the F-D curve, presenting the average curve. In this case, it is Peak_P1.
The results imply the importance of the indentation position. In addition, for a rough surface of a bilayered structure, assuming the interfacial surface as flat, the thickness of the top layer is not consistent, which also influences the F-D curves.
Further modeling was developed with another set of surface data in a valley zone [see Fig. 3(d) ]. The simulation was also with grid spacing of 5 μm, over an area of 0.2 × 0.2 mm 2 , and with the indenter ball located above the center of the surface. The simulated F-D results are plotted in Fig. 15 . The simulation at the valley zone predicts a much lower contact force at 800-nm displacement load compared to the ones at peak zone (see Fig. 14) . The contour of the contact pressure indicates that the center of the surface is a valley position, which should predict a higher force level at given displacement load. The reason is the thickness of the top layer at the center of valley zone, which is only 1.57 μm, is much smaller than the center of the peak zone, i.e., 4.66 μm. An extra thickness of 3 μm is added to the top layer, and the simulated F-D results are plotted in Fig. 15 (labeled as Valley_T3 μm) , and they are close to the results of the valley position in the peak zone, i.e., Peak_P2.
The results verify again the importance of the thickness of the top surface at contacting position on the contact behavior of Au/MWCNT composite. It can also be deduced that because the contacting zone is localized at a 20-30-μm-radius area, choosing a peak or valley zone is not important, provided the thickness of the top layer at the contacting position is the same. For a Au/MWCNT composite, the penetration of the gold into MWCNTs is not uniform, which adds the scattering of the F-D curves in nanoindentation tests as shown in Fig. 4 .
D. Adjustment of the Material Properties to a Rough Contact Model
It is shown in Fig. 12 that the rough contact model predicts smaller contact area and different contact stiffness than the smooth model with the same input material properties. For the rough surface model, to simulate the experimental results in Fig. 4 , further adjustments are considered on the input material properties to the model (C7-T1.4).
By comparing the simulation results of the rough contact model of 5-μm grid spacing (Peak_5 μm in Fig. 10 ) and the smooth-contact model, it is found that the hardness and the elastic modulus are underestimated by 2 and 1.4, respectively. The simulations with adjusted material properties are then performed with the same geometry and data input as the model Peak_5 μm, and the results are plotted in Fig. 16 . E0, H0 means the material properties of the smooth-contact model, as listed in Table I , which is C7T1.4. The adjustment factors in this section are taking C7T1.4 as reference values. It is shown that the model with only the elastic modulus multiplied by 1.4, i.e., C9.8T (E2H1.4), matches well with the experiments, whereas the model with E0 × 1.4, H0 × 2 predicts the F-D curve too stiff.
V. CONCLUSION
An FE contact model of rough surface has been developed for a bilayered Au/MWCNT composite, to link the nanoindentation test results. The top surface of the Au/MWCNT composite exhibits a high level of roughness compared to normal metallic surface, adding complexity to the previous bilayered smooth-contact model.
Two models are proposed for the interfacial surface, Flat and Parallel. Though the Parallel model can provide a uniform layer thickness, it is computationally difficult for a large number of surface data points; hence, the Flat model is adopted. The influence of indentation positions is investigated, and it is shown that the thickness of the top layer at contacting asperities position is very important for the contact behaviors. The influence of the grid spacing is also investigated, and a model with smaller gird spacing predicts a smaller contact area. The grid spacing in the modeling is best to be <2 μm to capture all asperities, however 3 μm is the finest spacing in the modeling due to the computational problem. Adjusted material properties are suggested by comparing the smooth and rough contact models, and the rough model with the adjusted material properties matches better with the experimental results than the previous ones.
